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Motivation

Describing high-temperature plasmas requires inclusion of several nonlinear coupled physics
® |on kinetics - for each isotope species present in the plasma

Electron kinetics

Thermal radiative transfer (TRT)

Electromagnetic description

Nuclear reactions (Fusion burn)

TRT is a key physics component in ICF

® Thermal x-ray radiation becomes the
dominant energy transfer mechanism in
hohlraum

® Driver of capsule implosion

o .
) Radiative energy loss 05100 /2001
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Scope of this project

Simulating plasmas in ICF hohlraums.

Our project aims to solve

Kinetic ions (particles)

Fluid electrons

Energetic electrons
Electromagnetics

Kinetic radiation (MG DP solver)

Laser-plasma interactions

Coupling of the different physics is done
in a nonlinear LO system

¢ Moment (fluid) equations for plasma
® Gray radiation diffusion

e Consistency terms enforce HO
solution

® (Concept has been tested in iFP

This presentation describes work done in iFP, which is slightly different

®

03/09/2021
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DR project equations - Overview

We try to solve a coupled system with these equations
(missing hot electrons, laser-plasma-interactions):

lon Vlasov-Fokker-Planck:  0:f, + u-Vf, + r‘r’)—i E -V, f,= Z Cop

B
Radiation transport: %c{%/ +Qi0il + o¢l — 0eB = S0
Quasineutrality: Y o Gala + Gene =0
Ambipolarity: Yo GaNala,i + Genelej = 0
Electron temperature at%nekB Te + Oite, [%nekB Te+ Pe| +0iQe,i

—(deNele i E; _Za Wea — Sre =0

, OiPet) Fae,i - 5rp,i
Ohm's law: Ei = aen
elle

®
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Vlasov-Fokker-Planck equation

Electrostatic kinetic plasma equation with Coulomb collisions

Oefy + -V ofy + ;—‘;E-Vufa = zﬁ: Cas

where

fa (x, u, t) velocity distribution function for species «

E (x) electric field

go species charge

mq species mass

Cap (fa, f3) Fokker-Planck collision operator with species 8 (Rosenbluth et al., 1957)
V. gradient operator in physical space

V., gradient operator in velocity space

03/09/2021

5



Thermal Radiative Transfer Equation

Thermal radiative transfer (TRT) with physical scattering can be described by the

following equation

1 o0
Eﬁtl +Q-Vl+oil_0.B= / / os (¥ = Qv = v) (V) dQ dV
0 4

where

® /(x,9Q,v,t) Radiation intensity in direction €2 and frequency v

® B(v, Te) Planck function (nonlinear emission spectrum)

® o(x,p,v, Te) Opacity (total, emission, and scattering)

Nonlinearly coupled to electron physics by p and T.. The frequency-integrated
emission source is x T2

=
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Common Approach for Radiation-Plasma coupling

This system is difficult to solve

e Stiff coupling between radiation and material
temperature (oc T#)

¢ High dimensionality of the transport equation

Common aproaches to solve this

® | inearization of emission-source
e QOperator-split temporal update ICF Hohlraum. Source: LLNL

® Monte-Carlo methods for Boltzmann integral

03/09/2021 | 7



State of the Art in Plasma-Radiation coupling

Current radiation-hydrodynamics codes use a fluid model for plasma
® Plasma described by bulk quantities (moments)
® Assume the plasma is sufficiently collisional (Small Knudsen number)

® Heat flux limiter required to avoid nonphysical behavior

This assumptions are violated in ICF plasmas
® Free streaming of ions and electrons
¢ Counter-flows

¢ Non-maxwellian velocity distribution

We need to understand when and where these assumptions are not valid, and the

effects

03/09/2021
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Multi-physics coupling through low-order system

Radiation transport

Nonlinear LO solver
Multi-fluid +
Gray Radiation Diffusion

siojoweled
Swia) UoI1I3MI0D)

| Electron solver

To efficiently couple these equations, we employ a system
of low-order (LO) equations
® O system is tightly coupled
— Moments of the kinetic equations
— Implicit time-discretization
— Solved with non-linear solver (e.g. Newton-Krylov)
® | O-equations are corrected by high-order (HO) solution
— Example of existing methods: Variable Eddington tensor
formulation/ quasi-diffusion
® HO-solvers are (mostly) independent from each other
— HO-solvers use LO-solution for coupled parameters (e.g.,
T, for emission source, u, for motion correction)

Kinetic electrons have been implemented in a differ-
ent branch of the iFP code
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LO equations - lons (Moments of VFP)

Conservation of mass (continuity)
atpa + 8ipozuoz,i + TV, p,a — VFP,p,a = 07
Conservation of momentum

atpt;v,i + 8jpoz,iua,j + 0iPy — qanaEi + Z Faﬁ,i + Fae,i + VYV, p,ai — VFP,p,a,i = 0,
B

Conservation of energy

OtUa + Oita,i [Ua + Pal — Ganatia,iEi + Y Wag + Wea + v,0,0 — 1FP,U,a = 0.
B

where

® Mass density po = man
“ o ® Energy exchange terms W,z

® Bulk velocity ua,; (Tensor notation)

® Pressure P,
® Total energy Un = 3/2n. ks Ta + 1/2pau§7,-

® Consistency terms vy and vyep

® Friction terms F,p
03/09/2021



LO equations - Electrons (Hybrid)

The electron number density can be calculated using quasi-neutrality
Z QaNag + QeNe = 07
«
and the electron velocity using ambipolarity
Z JaNalUa,i + qeNelej = 0.
«
The electron temperature equation is coupled with radiation

3 3
ati”ekB Te+ aiue,i [2nekB Te + Pe] + aiQe,i - qeneue,iEi - Z Wea — Sre = 0,

where
- ® Heat flux Q.,i ® Radiation energy deposition S,

< 03/09/2021 | 11



LO equations - Electric field (Ohm’s Law)

Using the electron momentum equation

8tpe,i + aj [Ue,jpe,i] + 0iPe — geneEj + Z Fae,i - Srp,i =0,
o

and assuming me = 0 — pe,; ~ 0 to get Ohm'’s law:

E: — 8iPe + Za Fae,i - Srp,i
I GelNe 7

with 5., ; the radiation momentum deposition.

The DR will use a generalized version of this electric field including
electromagnetic effects, Andrei is working on a rigorous formulation

q 03/09/2021

N



LO equations - Radiation (Gray Diffusion)

Radiation energy conservation
atEr + aiFi + Sre = 07
Radiation momentum conservation
1
gatF,' + 8jPr7,'j + Srp7,' =0,

where

® Gray radiation energy density E, = %fooo fh 1dQ dv
* Gray radiative flux F; = [ [, QildQdv

® Radiation pressure P, ; = fooo f47r QiQ;1dQ dv

03/09/2021 | 13



Radiation - Plasma coupling

Radiation and plasma couple through energy and momentum exchange terms.

Energy
4 Ot
Sre = 0,cEy — 0eacT, + ?uey,-Fo’,-7

Momentum (second term negligible for non-relativistic regimes)

~0
Ue,i
C2

Srp

(oac GeacT])

)

Ot
i~ —Foi+
c

Isotropic scattering is hidden in the opacities: 0y = 05 4+ 04

Radiation is assumed to only interact with electrons. Coupling is dependent on u,
and T,

q 03/09/2021 | 14
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Radiation - Material motion correction

Interaction of radiation with moving material require material motion corrections
® Using comoving frame

® |orentz transformation of radiation quantities

® Emission and scattering (Thompson) are isotropic in comoving frame

® Becomes anisotropic in laboratory frame

Simplified material motion correction for non-relativistic velocities (Morel, 2006):

Fo,i = Fi — ueiEr — e, jPrjj
~0

&:a—g%ﬁf
C

1
Prij = EjE, with Eij ~ 55,7 (Eddington tensor)
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Radiation Diffusion Approximation

Neglecting the temporal term in the radiation momentum equation, and with the
non-relativistic material motion corrections, we get

C
Fi = —U—ajé,’,,,-jE, + Ue,,'Er + ungijEr,
t

and a simplified momentum deposition

S = —0; [EE].

Cancellations
Several terms are required to cancel

e Stem from different terms and show up in different equations

® Discretization must match

q 03/09/2021
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Radiation-Hydrodynamic asymptotic limit

The previous equations yield the rad-hydro formulation in the highly collisional limit
e Substitute radiation coupling terms and cancel

® The plasma fluid model reduces to Euler equations

Radiation diffusion equation simplifies to

c
OcEr = 0;— O [EE] + 0; [, (1+ €) E] + 0acko — oeacTy — ue0; [EE] =0,
t
which gives with the chain-rule the CRASH equation (Holst et al., 2011)

c
OcEr — 0;—0; [EE] + 0; [ue i E] + EE Dt + 0ackp — oeacTd =0
t

03/09/2021
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Verification M45 Radiative Shock

Planar Mach 45 shock problem (Lowrie and Edwards, 2008)
® Shock driven by radiation
® Self-similar solution

e Strongly collisional regime (iFP should reproduce rad-hydro)

Input is for rad-hydro, must be translated to plasma parameters. Special care is required
® |t looks like a proton (Hydrogen) plasma (m =~ 1)
® Rad-hydro input neglected electrons for heat capacity (error)

® To match both heat capacity (sum ions and electrons) and mass density, ion mass must
be doubled (m ~ 2) (fix)

Special care must be taken for rad-hydro inputs.

q 03/09/2021
D
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Radiative Shock - Results

22

T T
% 6,000 | = iFPp
g -4- Pmat
b0
4
> 4,000 |
2
(]
© 2000
s
=
0
x [m]

(a) Mass density

24

Bt
7 h
=. —2,000 |-
2
©
To) iFP uj
> —4,000 H —iFP u,
-4- Umat -o—d—m-o—d—|
T |
20 22
x [m]
(b) Velocity

03/09/2021

19




Radiative Shock - Results |l
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Conclusions

Implemented radiation-plasma coupling in the iFP LO solver
e Currently Gray radiation diffusion
e Verified with radiative Mach 45 shock

® Holds in the asymptotic limit

This work is the foundation to ground-breaking improvements
® Extension with HO solver (multi-group diffusion, transport)
® More sophisticated opacity models (tables, LTE, NLTE)

Radiation coupling lessons can be directly translated to DR project

q 03/09/2021 | 21
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